The effectiveness of hybrid flow control, comprised of tandem arrays of passive (vanes) and active (synthetic jets) control elements for suppression of engine face total-pressure distortion is investigated experimentally. The experiments are conducted in a wind tunnel inlet model with an offset diffuser at speeds up to M = 0.55 using inlet flow conditioning that mimics boundary layer ingestion on a Blended-Wing-Body platform. Time-dependent distortion of the dynamic total pressure field at the AIP is measured using an array of forty total-pressure probes, and the control-induced distortion changes are analyzed using triple decomposition and proper orthogonal decomposition (POD). These data indicate that an array of small-scale synthetic jet vortices merge into two large-scale, counter-rotating streamwise vortices that exert significant changes in the flow distortion. The two most energetic POD modes appear to govern the distortion dynamics in either active or hybrid flow control approaches. Finally, it is shown that the present control approach is sufficiently robust to reduce distortion with different inlet conditions of the baseline flow. 
I. Background
Drag reductions resulting in improved aircraft efficiency may be attained in future Blended-Wing-Body aircraft 1, 2 through the use of highly-integrated, boundary layer ingesting (BLI) inlets 3 with embedded engines. However the secondary flows created by the inlet [4] [5] [6] interacting with the ingested boundary layer have an adverse effect on the total-pressure distortion and recovery at the engine face 7 potentially resulting in undesirable engine performance 8, 9 . The goal of the experimental work in the current study is to develop advanced flow control technologies to mitigate the pressure distortion in these complex offset inlet ducts.
The physically robust, passive flow control techniques that have been successfully applied to inlet systems to improve AIP (aerodynamic interface plane) total-pressure recovery and distortion [10] [11] [12] [13] [14] [15] [16] [17] [18] inherently lack real-time adjustability of the structure and strength of the resulting flow patterns and incur a pressure-recovery penalty. Optimization and in-flight control of the performance of inlet ducts containing these complex flows, with 19, 20 and without [21] [22] [23] the presence of flow separation, over a broad flight envelope can be achieved with active flow control. Although it is predicted that active flow control has the potential for improving propulsion-system efficiency and operability in the Blended Wing Body aircraft 24 , deployment of active systems utilizing bleed air can be complex, not completely fail-safe and require unacceptable amounts of parasitic engine bleed. A hybrid system which incorporates the strengths of both types of actuation strategies has been shown to be effective in the reduction of parasitic drag while maintaining fail-safe attributes and satisfying the need for adjustable flow control 25, 26 .
The selection of the active and passive components of the hybrid device employed in the present study was made with the goal of independently producing equivalent structures with individual components that can be combined in a manner that will cater to the strengths of both components. Vane type vortex generators have been extensively studied as a means for controlling separation in adverse pressure gradients 28 , as well as for use in s-ducts 14, 16, 17, 18 and as the passive component of hybrid flow control systems 24, 25 . Synthetic jets 29 were selected in the present study as the active component of the flow control system since they eliminate the requirement for engine bleed, are simple in both manufacture and implementation compared to complex engine bleed systems, and have been shown to improve low speed duct flow 30 . Gissen et al. 31 demonstrated that different configurations of synthetic jets can generate fluidic counterparts to passive sub-boundary layer control devices in high subsonic flow in a 2D equivalent of an offset diffuser. Gissen et al. 32 showed that deployment of synthetic jets in active and hybrid flow control configurations in an s-duct produces favorable reductions in AIP distortion levels.
Nonlinear superposition of active and passive devices to create a fail-safe adjustable hybrid flow control device can be highly-effective performance enhancers for embedded propulsion systems with minimal system-level penalties in terms of weight, power consumption, robustness and maintenance. The flow control system developed under this study is designed to be a fail-safe system, comprised of active and passive components, such that the flight critical operability would be maintained even if the active component of the system fails.
The present paper focuses on the time-dependent aspects of the offset diffuser flow control using active and hybrid configurations. Synthetic jets are used as the active component of the flow control configurations since they obviate the need for bleed air and therefore, the integration of complex plumbing. Dynamics of the active control-induced changes in the diffuser flow field at its source are examined, with respect to the resulting, time-dependent downstream changes in the flow distortion.
II. Experimental Setup and Diagnostics
The experiments are performed in a small, open-return pull-down high-speed subsonic wind tunnel (test sections speeds of up to M = 0.75). The flow in the tunnel is driven by a 150 HP blower, and the temperature of the return air is controlled using a chiller coupled with an ultra-low-pressure-drop heat exchanger. The tunnel test section ( Figure 1 ) is constructed to represent a 5% scale s-duct, having a D-shaped throat with a height of of H = 3.5", and a round downstream exit with a diameter, DAIP = 5". The upstream adapter is equipped with a 'fence insert', where a distortion screen can be installed to condition the incoming flow. Furthermore, three inserts for hot wire probes are built into the model across the span H distance upstream from the diffuser throat for characterization of the incoming flow at the centerline and 0.5H on either side of the centerline. During the incoming flow characterization, a single-wire miniature hot-wire probe is traversed across the duct height at one spanwise location at the time. Arrays of active and passive flow control devices are integrated into the diffuser through a large removable insert located on the lower surface of the duct, downstream from the throat (Figure 1 ).
The performance metrics in the present study are totalpressure recovery and distortion, measured at the AIP. Total-pressure distortion is defined in terms of the SAE spatial distortion descriptor elements and indices (SAE ARP1420B, 2002) 33 . Total-pressure recovery and distortion at the AIP is measured using a 40-probe, total-pressure rake assembly. The assembly consists of eight, equiangularlyspaced rakes distributed around the circumference of the AIP and static-pressure taps located at the base of each rake. Each rake contains 5, total-pressure probes located at the centers of equal areas. The rake assembly is designed such that steady-state or dynamic total-pressure rakes can be installed interchangeably in the AIP rake assembly. AIP pressure data is presented for each of the test cases, and pressure traces are averaged over several thousand samples. 
AIP
Kulite pressure transducers that offer a large dynamic range and a wide frequency response were employed to obtain dynamic total-pressure measurements. The time-resolved measurements were recorded at 10 kHz and over 15-second intervals to attain temporal resolution relevant to the dynamic response of a typical aircraft turbine engine.
II.A Inlet Flow Conditioning
Achieving an accurate representation of an integrated, BLI-inlet approach flow field at flight conditions, in the confines of a direct-connect wind-tunnel environment poses a significant challenge. In the absence of the airframe and the inlet aperture, two key contributors to the approach flow are missing in the wind-tunnel tests, specifically, a thick, incoming boundary layer (relative to the inlet characteristic scale) and the interaction of this boundary layer with the inlet-cowl lip. In the present investigation, fences are used to generate representative boundary layers and flow features that would be present in a BLI inlet on a BWB vehicle.
Initial iterative attempts to condition the approach flow utilize multiple overlaid meshes, as discussed by Bruce 34 . As a result, a 'typical' fence is designed first that utilizes multiple meshes (Figure 2a ) overlaid on top of a V-shaped, SLA frame with channels angled toward the center plane of the duct. In the overlaid, mesh-fence design, the mesh provided the majority of the pressure drop and the channeled frame provided the cowl-lip-induced rotation. The advantage of this method was that the two effects could be independently varied to match the conditions where the cowl lip and upstream airframe are physically represented. The downside of this approach is that the overlaid process is not fully deterministic and requires some experience and expertise from the experimenter. In order to develop a more deterministic incoming-flow conditioning approach, a second fence is designed with a goal of generating distortion patterns analogous to the first one but excluding the collection of overlaid meshes (Figure 2b ). The required velocity/momentum deficit in the wall region is generated by a mesh-like honeycomb of cells that are profiled such that their resistance increases toward the wall by simultaneously decreasing the cell size and increasing the honeycomb passage length. Both of these features are aimed at mimicking a 'true' boundary-layer profile with a continuously-increasing deficit, from the centerline of the duct to the wall. The effect of ingesting rotational flow is generated by angling the lower honeycomb cells such that they guide the flow toward the central plane. The 'toe-in' concept for generation of the rotational flow is spanwisevaried such that there is aggressive turning of the flow at the side boundaries that weakens toward the central plane. This is motivated by the observation that the flow turning in an integrated BLI inlets is most pronounced near the corner where the cowl intersects with the airframe. Although the final honeycomb-fence geometry is fairly complex, it is built as a single, SLA insert in comparison to a collection of several elements that comprise the overlaid-mesh fence. Both of the designed fences are employed to condition the baseline flow in the present work to examine not only their comparative effects on the altered flow, but also, to test sensitivity and robustness of the control tools applied to the conditioned baseline flows.
II.B Flow Control Elements
The main objective in the development of the flow-control devices in the present study is the utilization of robust control effects of the passive vanes, in tandem with active synthetic jets capable of providing a boost in performance when needed. Such a tandem-control device is coined as 'hybrid' as it consists of both active and passive elements. The hybrid approach utilizes a 'fail-safe', passive component and on-demand controllability added by the active component.
The diffuser control insert is manufactured using SLA prototyping due to its demanding geometry, and it is split into two components so that passive and active control devices can be tested independently or in tandem, as in the case of the hybrid approach. The hybrid-control insert utilized in the present study is shown in Figure 3 . A passive vane array was selected from a Design of Experiments (DOE) analysis of six vane configurations 32 . It should be noted that the objective of the DOE analysis was not to optimize the passive component of the hybrid control but rather to select the passive configuration that delivers a performance benefit that could be further enhanced by the addition of an active flow control component. The selected configuration (shown along with the jet orifices in figure 3 ) includes six vanes symmetrically distributed about the duct centerline, having a fixed vane angle of 13° and thickness of 0.075" at the hub that tapers to 0.025" at the tip.
The vane height is 0.25" and length along its side 0.75". Downstream from the vanes is the active control insert that hosts an array of thirty synthetic jet orifices that are distributed in three rows symmetrically about the centerline. Each of the surface-flush orifices is directed outward the central plane at an angle of 45°. All synthetic jets are operated harmonically, at frequencies of 133 Hz (T = 1/133) in the present tests. More details about the applied synthetic jets are presented by Gissen et al. 32 . Two sets of active control inserts are used that have 0.07" and 0.08" orifice diameters. Besides the hybrid-control insert, two additional control inserts are utilized, an active that does not have passive vanes upstream from the jets and a passive, where the active-control insert is replaced by a solid plug.
III. Baseline Flow
The 'natural' baseline flow in the absence of flow conditioning (cf. Section II.A) does not include the effects of the ingested thick boundary layer that would exist on a flight platform which is mimiced by integrated wall-mounted fences. Both the overlaid-mesh and the honeycomb fence are tested in this study. In what follows, the resulting, manipulated inlet flows is are considered the relevant 'baseline' flows. The diffuser-approach flows are characterized by hot-wire measurements obtained at an axial station of x/H=-1, where H is the diffuser throat height and 0 was defined at the diffuser throat. Measurements were obtained at three spanwise locations, z/H = -0.5, 0, and 0.5. The resulting profiles of the mean velocity and RMS velocity fluctuations are shown in Figure 4 . Symmetry of the profiles about the central plane (z/H = 0) is noted in all cases, with slight deviation for the overlaid-mesh fence, which is attributed to its custom, and presumably not perfectly-symmetric, build. A significant thickening of the boundary layer is achieved through the use of the fences where extremely thin boundary layer of the 'natural' diffuser flow is thickened to about a third of the diffuser throat height. The difference in velocity deficit between the central plane and the outer profiles suggests a three-dimensionality of the incoming flow that is consistent with the inlet flow in an integrated diffuser at flight conditions. More pronounced spanwise variation in the case of the overlaid-mesh suggest a stronger three-dimensionality for this configuration. Also, it is notable that the overlaid fence develops a very strong shear layer at the top of the fence, which is seen in both the characteristic shear velocity profile, and even more so in the signature high velocity fluctuations within the shear layer, the magnitude of which even exceeds those of the boundary layer (Figure 4b ). Measured peaks in the RMS velocity profile for the honeycomb fence are weak and only secondary to the boundary layer fluctuations.
The qualitative characterization of the diffuser flow was established at the AIP using steady, total pressure measurements obtained with the 40-probe rake and eight accompanying circumferential wall static pressures at the base of the rakes. The timeaveraged results are shown in Figure 5 . The AIP total pressure contour map for the natural diffuser flow (Figure 5a ) indicates 
that there is virtually no distortion at the AIP; as only a weak near-wall pressure deficit is detected. This is attributed to the Gerlach shaping of the diffuser, which is aimed at mitigating secondary flows in the thick oncoming boundary layers. Overall, the totalpressure distortion is extremely low, and the average circumferential pressure distribution, DPCP ave , was 0.0064. Both manipulated incoming flows show a low pressure region in the bottom, center quadrant. The total-pressure contours at the AIP in Figures 5b and c are similar in shape to those for corresponding freestream Mach numbers and inlet capture ratios in tests that included the effects of a forebody and inlet-cowl lip 8 . It should be noted that the total-pressure contours shown in Figures 5b and c are induced by the velocity deficit in the conditioned boundary layers and secondary flows with the diffuser. No flow separation is triggered along the diffuser, which was verified by tufts and oil flow visualization (not shown).
IV. Dynamics of the Flow Control
As already shown 32 , both components of the hybrid flow control generate comparable overall reduction is the timeaveraged distortion measured by DPCP avg . Furthermore, combining these two devices in the hybrid control fashion reduced DPCP avg even further, indicating a favorable superposition of the two independent flow control approaches. However, these two control approaches are markedly different in how they impact the controlled flow. The passive vanes do generate streamwise vortices, but they are present in the flow at all times, and their effect is predominantly time-independent. The active component of the flow control (synthetic jets) are operated cyclically, where the jets are formed during the expulsion part of the operating cycle, and their formation, convection, and overall impact on the internal flow is predominantly time-dependent. The following study explores effects and ramifications of the dynamics of active control of diffuser flows by synthetic jets, and their superposition to passive micro-vanes in a hybrid flow control device.
IV.A Active Flow Control
Prior to assessing the dynamics of active flow control on the AIP distortion, it is illustrative to present a change in the total-pressure distribution at the AIP that is induced by active control in the time-averaged sense. Figure 6 shows contour plots illustrating the total pressure change at the AIP of flows generated by the honeycomb and mesh fences, when active actuation is applied at M = 0.22, 0.35, 0.48, and 0.55, . Regardless of how the flow is conditioned, and across the entire range of examined Mach numbers, it is seen that the control always increases the total pressure at the bottom half, central zone of the AIP, where the un-actuated flow exhibits the strongest deficit (cf. Fig. 5 ). Secondly, this total-pressure increase is accompanied by the total-pressure decrease predominantly along the wall, outside of the bottom, central zone. This combined effect acts to alleviate and "spread" the concentrated pressure deficit of the un-actuated flow along the duct walls, and is consistent with two, large-scale, streamwise, vortical motions that have positive and negative senses, on the left and right sides of the AIP, respectively, which would bring the highmomentum fluid towards the bottom, center from either side.
In order to relate the flow dynamics at the AIP and periodic actuation by the array of synthetic jets, dynamic, totalpressure measurements at the AIP are conditionally sampled ('phase-averaged'), relative to the period of the actuation signal, thereby enabling a triple decomposition of the instantaneous total-pressure field p 0 = p 0,m + <p 0 >' + p 0 ', where p 0,m is the time-averaged pressure, and <p 0 >' is the coherent (<p 0 >' = < p 0 > -p 0,m ) and p 0 ' the incoherent component of pressure fluctuations.
The time-dependent active control by synthetic jets is expected to introduce coherent pressure fluctuations at the AIP as long as the control vortices do not break down completely and transfer energy into incoherent fluctuations. Furthermore, the time-dependent pressure field, <p 0 > and the AIP face averaged distortion metric, <DPCP> are averaged over the actuation cycles. This averaging is done relative to the phase of the reference signal from the actuation source over one period T that corresponds to the actuation phase 0 to 2π. It should be noted that there is an arbitrarily (but constant) phase delay between the start of the expulsion cycle of the synthetic jet and its effect at the AIP, so that the onset of dynamic change in <DPCP> does not coincide with its zero phase. The time-dependent aspect of the active control is shown for the honeycomb fence conditioned flow Figure 7 , in terms of the phaseaveraged distortion. In addition, two levels marking the uncontrolled, time-averaged distortion (DPCP avg,OFF ) and the controlled, time averaged distortion (DPCP avg,ON ) are shown reference. The time-dependent nature of the flow control is marked by the dynamic change in <DPCP> over about 60% of the actuation cycle (0.3 < t/T < 0.9). At the onset of the dynamic change, there is a short increase in the <DPCP>, which is followed by a favorable reduction of the <DPCP> over a larger portion of the actuation cycle. The peak reduction of about 35% in <DPCP> is measured at t/T ≈ 0.6. To further illustrate the dynamic nature of the <DPCP> change during the actuation cycle, several characteristic phase locations are selected and marked as A -E on the plot. The corresponding total-pressure contour plots of the phase averaged AIP total pressure <p 0 > at the selected phases are shown in the bottom row of Figure 7 . At the initial phase (point A), the AIP total-pressure contours are very similar to those of the uncontrolled flow (Figure 5b ) both in the pressure contour plot structure, and in the distortion magnitude, which is slightly lower. At the point that the actuated flow starts to alter <DPCP> (t/T ≈ 0.3), there is an initial increase in <DPCP> ( Figure  7, point B) . The corresponding <p 0 > field indicates that at that point the low-momentum flow at the central bottom zone begins to be pushed down toward the bottom surface and away from the centerline of the duct. The two inner rings of the rake measure an increase in pressure as well as an increase in circumferential uniformity. Consequently, the low-pressure region is enhanced and concentrated at the bottom of the AIP, specifically along the outer three rings, without significant spreading to the side wall. It is this enhanced concentration of low pressure flow that creates an overall increase in <DPCP>. Further time-dependent progression of the control forces the low pressure flow along the wall and to the sides, away from the line of symmetry. Consequently the circumferential distortion decreases to point C. After the peak effect of the jet's vortices, the subsequent reduction in jet momentum induces relaxation of the favorable <DPCP> reduction, and the flow also relaxes back to the nearly-baseline flow structure (point E), where the transitional phase point D is also shown to for illustration.
Analogous to the honeycomb-fence-conditioned flow field shown in Figure 7 , Figure 8 shows the phase-averaged effect of synthetic-jet actuation on the overlaid-mesh-fence-conditioned flow field at the AIP. The period of change resulting from synthetic-jet actuation on the overlaid-mesh-fence-conditioned flow field was similar to that on the honeycomb-fence-conditioned flow field. Specifically, the jets favorably affect <DPCP> over approximately 60% of the actuation cycle (0.3 < t/T < 0.9) . At the start of the cycle of the jet (point A), both the AIP total-pressure contour plot and the <DPCP> level, are similar to that found in the uncontrolled flow (cf. Figure 5c ). As the actuation cycle of the jet begins to alter the pressure distribution, the same phenomenon of low pressure concentration in the outer three rakes at t/T ≈ 0.3 is observed (point B in Figures 7 and 8) . However, unlike the honeycomb-fence-conditioned flow, the AIP total-pressure distribution shown in the contour plot (point B) does not induce a local increase in <DPCP>. As the actuation cycle progresses, there is a significant decrease in <DPCP> to point C as the low speed flow is redistributed circumferentially. The minimum <DPCP> level is reached earlier in the cycle (t/T ≈ 0.45) and the distortion level is reduced by about 45% in the case of the overlaid-mesh as opposed to 35% at the corresponding point for the honeycomb fence (t/T ≈ 0.6, Figure 7 ). Additionally, there is a slight 'dwell' time at the low <DPCP> from point C to point D, followed by a relaxation of the flow from point D to point E. At points A and E,the<DPCP> level and the AIP total-pressure distribution closely resemble and the uncontrolled distortion and total-pressure distribution (cf. Figure 5c ). The relaxation time is longer in the case of the overlaidmesh fence (Δt/T ≈ 0.35) than it is in the case of the honeycomb fence(Δt/T ≈ 0.3). Overall, synthetic-jet actuation of both the honeycomb and overlaid-mesh fence flow fields shows remarkable dynamic control of the flow field, suppressing distortion levels by 35-45% during the peak effectiveness of the actuation cycle. These results also suggest that the control is not applied at optimal actuation frequency. At an optimized frequency, the flow would be prevented from relaxing such that distortion levels approach uncontrolled levels between vortex passages. The present results clearly indicate that optimal actuation frequency to obtain the maximum distortion suppression would be higher than the control frequency utilized in the present investigation. Further examination of the optimal frequency should be sought in the follow-up work.
The phase-averaged evolution of the distortion parameter DPCP over two periods of the actuation cycle for both the honeycomb and overlaid-mesh conditioned flows at M = 0.55 are shown in Figure 9 . Here, the measures of coherent and incoherent "energy" of the total pressure fluctuations, <p 0 >' and p 0 ', respectively are superimposed. Furthermore, three characteristic phase points are labeled at each <DPCP> curve, and the corresponding coherent fluctuating fields <p 0 >' are shown as contour plots at the AIP. In either fence flow field, favorable suppressions in distortion are accompanied by large excursions of coherent, total-pressure fluctuations, which are hence deemed responsible for such effects. For the honeycomb-fence flow field (Figure 9a ), the distortion minimum (point B) is associated with the coherent motions that increase total pressure in the central, bottom zone and decrease it on the sides, along the walls, similar to the time-averaged effect seen in Figure 6 . Again, this coherent motion corresponds to that of two large-scale coherent vortices having a sense of rotation such that they bring high-momentum fluid along the walls toward the central, bottom zone at the AIP. This finding suggests that the small-scale vorticies issued into the flow by the synthetic jets (cf. Figure 2 ) that are issued into the flow, arguably merge into two largescale vortices downstream, whose sense of rotation is such that they act to redistribute the low-pressure flow at the bottom, center of the AIP, up and along the wall thereby making it more axisymmetric and diffused. This finding is significant as it relates the underlying mechanism for the flow control physics by synthetic jets to the corresponding flow control physics by their counterpart, continuous jets, and that of passive micro-vanes, which were discussed by Gissen et al.
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. Therefore, the large reduction in <DPCP> is attributed to the passage of the two, large-scale, streamwise vortices through the AIP. It is interesting that immediately preceding the <DPCP> reduction, there is a small rise in <DPCP>. This point is denoted as A in Figure 9a . The corresponding contour of the <p 0 >' indicates that there is a negative coherent contribution at that phase that increases the pressure deficit at the central, bottom zone, while increasing the total pressure elsewhere. Finally, at the point when <DPCP> relaxes after the vortices pass through the AIP (point C), there is a residual, weak, coherent fluctuating field that also slightly increases the The overlaid-mesh-conditioned flow field (Figure 9b ) exhibits behavior similar to the honeycomb-conditioned case, but with some secondary departures. First, it appears that the levels of coherent fluctuations are higher for the 
overlaid-mesh-conditioned case, which is shown in both "energy" levels and spatial distributions of coherent fluctuations <p 0 >'. Second, the "energy" of incoherent fluctuations appears much more correlated with the incoherent levels, as a passage of the vortices through the AIP (marked by large excursions of <p 0 >' 2 ) also carries increased levels of incoherent fluctuations. However this is the case only for the leading edge of the <p 0 >' 2 in the honeycomb-fence case, and is immediately followed by a decrease. It is also interesting to note that all three characteristic times (D though F) equivalent to those of A through C, reveal similar underlying coherent flow structure, although the somewhat modified D (relative to A) is not associated with any spike in <DPCP>, which will be further addressed below.
Although a triple decomposition of the time-resolved, total-pressure field led to isolation of the coherent totalpressure-field fluctuations as agents of favorable, temporal suppression in pressure distortion, and indicated a merging of the synthetic-jet-array sources into two large-scale streamwise vortices, additional information was need to fully characterize the details of the distortion dynamics and associated (inferred) duct flow field. Further insight into the flow dynamics is sought by Proper Orthogonal Decomposition 35 (POD) of the time series of 'snap shots' of the AIP total-pressure, fluctuating fields, where instantaneous total pressure p 0 = p 0,m + sum(a i ·φ i ), where i = 1 -N is the i th of N POD modes, and φ i are the modes and a i are their time coefficients. The main significance of this decomposition of the pressure field stems from the fact that POD modes are projected such that they are ordered from the most energetic to the lowest energetic mode, and the first several modes are typically sufficient to capture the dominant time-dependent dynamics. Figure 10 illustrates the most dominant dynamics, resulting from syntheticjet actuation, of the fluctuating total-pressure field at the AIP at four AIP Mach numbers. Results are shown for both the honeycomb and overlaid-mesh-conditioned flows. First, it is seen that the dominant-mode shape and its dynamics (shown over two periods) are very similar for the jets operating on the flow field conditioned by either of the boundary-layer fences. At the lowest AIP Mach number, both modes are of a single sign across the AIP, and their dynamics exhibit nearly sinusoidal oscillation about zero. The nearly sinusoidal decrease and increase in the total-pressure field over time will have a nearly zero net effect. This is attributed to the control jets being too 'strong' for the low incoming Mach-number flow, and creating an obstacle with corresponding increase in drag upon issuing, rather than forming large duct scale streamwise vortices. A similar scenario is observed for a Mach number of 0.35 for flow generated by the honeycomb fence (Figure 10b) . However, the dominant mode dynamics of the overlaid-mesh flow field begin to show signs of momentum exchange across the AIP at Mach 0.35. Namely, the central, lower zone of the mode exhibits a sign opposite to the remainder of the AIP This indicates an increase in 
total pressure in the lower, central zone while everywhere else pressure decreases, and vice versa. This effect becomes clearly pronounced at even higher Mach numbers where two side lobes are concentrated, having a sign that opposes the remaining area of the mode Figures 10c, d and g, h) . Furthermore, during the quasi-steady part of the period, these modes produce an unfavorable effect on the AIP distortion as they decrease the total pressure in the lower, central portion of the AIP (note a low-level, positive a 1 ). However, during the large, negative excursions of a 1 , they significantly increase the total pressure in the lower, central region of the AIP, and simultaneously decrease total pressure over the side lobes, which results in reduced distortion. The AIP total-pressure dynamics are induced by the higher-momentum fluid at the side lobes being carried into the low-momentum region at the bottom, which is consistent with large-scale, streamwise vortical motions at either side of the AIP-cross section.
The dynamics of the first four most energetic POD modes for the honeycomb mesh-conditioned flow field at an AIP Mach of 0.55 are further examined in Figure 11 . Along with the modes and their corresponding time coefficients (Figure 11 a-d) , power spectra of the time coefficients are also shown in Figures 11e-h. First, it is seen that only the first three dominant modes are associated with the actuation source, as their dynamics are governed at the actuation frequency (and its harmonics), which are marked in the power spectra plots by gray lines. The first mode was already discussed in connection with Figure 10 . It is characterized by dominant bursts of favorable redistribution of the total pressure (having a peak effect at about t/T = 0.55) and a slightly, adverse effect otherwise. The structure of the second mode ( Figure 11b ) is such that the central, bottom zone is of the opposite sign than the rest of the AIP flow. The mode 2 time-coefficient dynamics are similar to that of mode 1, having bursts of activity that peak at about t/T = 0.4 and remain fairly inactive outside of the bursts. However, the main difference, relative to mode 1, is that mode 2 decreases the total pressure in the central bottom zone and increases it elsewhere, during its active period, thus rendering dynamics of the second mode unfavorable with respect to distortion. The mode 3 dynamics already has higher harmonics of the actuation frequency competing at the same energy level as the actuation frequency, and its dynamics appears much more irregular. Finally, mode 3 has a smaller amplitude contribution to the overall dynamics, compared to the first two modes.
In addition to the POD-mode dynamics for the honeycomb-fence flow field, the POD-mode dynamics are also presented for the overlaid-mesh-conditioned flow field ( Figure 12 ). In this flow field, the first two modes are very similar in their structure and dynamics to the first two modes in the honeycomb-fence flow field (Figure 11 ).. The third mode (Figure 12c ) has a three-lobe structure similar to its counterpart in Figure 11c , but its dynamics are more deterministic with a dominant actuation frequency. During the active part of the mode 3 dynamics, the time coefficient, a 3 , alternates between negative and positive peaks, which essentially limits the mode dynamics to a circumferential exchange of momentum resulting in a minimal net effect on the total pressure redistribution across the AIP. It is interesting to note that although mode 4 presents multiple frequencies of higher harmonics competing with the actuation frequency, much like mode 3 in Figure 11 , it is still related to the control input. A comparison between the dynamics shown in Figures 11 and 12 indicates that the dominant dynamics (through the first two modes) are very similar for both cases, and that in the case of the overlaid mesh-conditioned baseline, the AIP dynamics retain stronger coherence with the harmonic control input of the synthetic jets.
IV.B Hybrid Flow Control
In addition to active, flow-control dynamics, dynamics of hybrid flow control, consisting of active, synthetic jets paired with passive vanes, were investigated. Of particular interest was the net effect of the hybrid system on the AIP, dynamic, total-pressure distortion as compared to the effects of the individual components that comprise the hybrid system. A hybrid system is a control concept that pairs predominantly time-independent (passive) and timedependent (active) control mechanisms. While the steady-state, net effects have been previously presented by Gissen et al. 32 , the dynamic aspects of this control approach have not been documented prior to the current study.
Before discussing the control dynamics, two sets of data are shown to emphasize the net effect of the passive component of the hybrid, flow-control device on the honeycomb and overlaidmesh flow fields. In addition, the effect of the superposition of synthetic jets on the vane-control effects is also investigated. Figure 13 shows contour plots of the vane-actuated total pressure at the AIP relative to the uncontrolled honeycomb and overlaid-mesh flow fields at AIP M = 0.22, 0.35, 0.48, and 0.55. Regardless of the flowconditioning approach and AIP Mach number, the vanes serve to increase the total pressure budget at the bottom half of the central zone of the AIP where the baseline flow exhibits the strongest pressure deficit (cf. Fig. 5 ). Secondly, this total-pressure increase is accompanied by the total-pressure decrease along the wall, outside of the bottom central zone. This combined effect acts to distribute the pressure deficit of the baseline flow along the duct walls and is consistent with two, large-scale, streamwise vortices that have positive and negative senses, on the left and right sides of the AIP, respectively. These vortices serve to bring the high-momentum fluid towards the bottom center from either side of the AIP. This net effect is in accord with surface, oil-flow visualizations 32 , which indicated the vane vortices pairing on either side of the duct to form two, large-scale, counter-rotating, streamwise vortices. As the AIP Mach number increases, so does the increase in total pressure in the central, bottom zone and decrease in total pressure along the upper, side wall. The only observed difference between the two flow-conditioning approaches was that in the case of the honeycomb-conditioned flow, there is a slightly higher penetration of the affected flow toward the upper surface of the duct . It should be noted that there is a striking similarity between the net effect of the vanes and that of the synthetic jets (cf. Figure 6 ) in all of the examined cases, which points to a similar flow-control structure, regardless of the time-independent (vanes) and time-dependent (jets) nature of the device. Figure 6 . Figure 14 shows the difference in the time-averaged, total-pressure fields of the hybrid and passivecontrolled flows. Figure  6 ). Specifically, the total pressure is increased, not only over the central bottom zone, but over the entire bottom half of the AIP, with streaks of the total-pressure increase spreading along the wall. The increased total pressure along the wall pushes zones of reduced total pressure away from the wall region. While, in principal, the net effect in the case of the overlaid mesh-conditioned flow field is similar in structure to that of the honeycomb-conditioned flow field, there are some subtle differences. The most pronounced difference is that the wall streaks of increased total pressure are narrower and shorter, and the zones of decreased total pressure form more pronounced lobes off the wall, at the two highest Mach number flows.
The superposition of passive (vanes) and active (synthetic jets) control effects is further characterized through an examination of the dynamic total-pressure measurements at the AIP, of hybrid-flow-control actuated honeycomb and overlaid-mesh flow fields. Given that the synthetic-jet component of the hybrid system is time dependent, the overall control effect is expected to be time dependent as well. As a result, the dynamic, total-pressure signal from the rake, located at the AIP is sampled, along with the reference signal from the synthetic jets. This data acquisition approach enables a similar analysis to that of the active control, shown in Figures 7 and 8 . The phase-average ensembles of the pressure traces, <p 0 >, are used to compute <DPCP> as a function of t/T, which is plotted with respect to one complete cycle of the actuator and shown in Figure 15 for the case of honeycomb-conditioned flow. The data are presented in the same manner as in Figure 7 , including the phase-averaged <p 0 > AIP, total-pressurecontour plots. These plots are shown at characteristic points A-E in phase to illustrate the changes in the distribution of pressure throughout the jet cycle. It is important to note that the effect of the vanes can immediately be ascertained due to the favorable distortion reduction over the entire phase domain, which is most apparent in the reduction in DPCP avg OFF (passive control only) shown in Figure 15 . Here, DPCP avg OFF is more than 25% lower than the equivalent in Figure 7 . This favorable reduction in the distortion coefficient due to the vanes is applied over 22 (a,e), 0.35 (b,f), 0.48 (c,g), and 0.55 (d,h) , for the baseline flow conditioned by the honeycomb (a-d) and overlaid mesh (e-h) fences. The contour levels are the same as in Figure 6 . <DPCP> the entire cycle since the distortion is ensemble averaged with respect to the jet cycle. Therefore, the <DPCP> plot only reflects the harmonic changes that the synthetic jets generate while acting upon the flow produced by the interaction of the vanes with the flow modified by the honeycomb mesh. As with the case of active control only ( Figure 7) there is a phase delay between the start of actuation and when the changes in total pressure are measured at the AIP. At the beginning of the cycle (point A), the low pressure at the bottom center of the AIP has been redistributed to three distinct low pressure regions. This pattern is similar to the AIP pattern when the synthetic jets are not present 32 . As the jets begin to alter the AIP pressure distribution, the magnitude of the low pressure for all three of the low-pressure regions begins to decrease, which can be seen at point B in phase. This causes a slight reduction in the overall face-average distortion. Next, there is a distinct rise in the <DPCP> at point C caused by a concentration of low pressure in the outer three rakes in the lower, center region of the AIP, and is similar to the spike in distortion and the concentration of low pressure shown at the corresponding point B in Figure 7 . The <DPCP> then reverses its rise and decreases down to its minimum, point D. However, instead of a clear redistribution of low-pressure flow, as was the case for the active control alone (Figure 7) caused by the formation of duct-scale vortical structures, the structures formed by the synthetic jets presumably augment the existing structures formed by the vanes, resulting in an increase in the total pressure in the three regions of low pressure formed by the vanes. As the momentum of the jets begins to decrease near the end of the cycle the <DPCP> rises as the flow 'relaxes' and distortion levels return to that similar to point A. The resulting AIP contour of the total pressure <p 0 > is shown at point E. In its global features, the evolution of the phase-locked <DPCP> over actuation period is similar to the case of active flow control alone, and the span over which the <DPCP> is favorably affected by the synthetic-jet component of the hybrid flow control is very similar (Δt/T ≈ 0. 35) , to that of the active flow control alone (Figure 7 ).
In the case of the hybrid flow control operating on the baseline flow conditioned by the overlaid-mesh fence, the phase dependence of <DPCP> is shown in Figure 16 . Similar to the hybrid case acting on the honeycomb meshconditioned flow (Figure 15 ), <DPCP> is shifted favorably downward due to the steady state distortion reduction of the vanes. The effect of the vanes can clearly be seen at the beginning of the cycle before the effect of the synthetic jets reaches the AIP. In this case, the vanes again produce three low pressure regions, however there is a noticeable decrease in the radial extent of the low pressure region and when compared to the vanes effect on the honeycombconditioned baseline (cf. <p 0 > at point A in Figure 15 ), the two regions of low pressure produced along the sidewalls of the AIP have a much smaller radial extent, only affecting the outer two circumferential rings of the pressure rake. As the synthetic jets begin to affect the pattern at the AIP, the low pressure regions on the sidewalls of the tunnel grow, the central pressure zone intensifies, and the overall effect, shown at points B and C, results in a decrease in the overall face averaged <DPCP>. This intensification of the high and low pressures is followed by an increase pressure at the bottom of the AIP and on the sidewalls in addition to a slight decrease in pressure at the very top of the AIP, as the flow is rotated up and around to the upper part of the AIP, which is shown at point D. Finally, as the jet momentum decreases toward the end of the cycle the flow relaxes as seen in point E. The percent of time that the <DPCP> is below the quasi-steady level is very similar to that of the analogous period for the active control ( Figure  8 ). It is also interesting to note that the drop off rate, d<DPCP>/dt is much larger for the case of the active flow control (Figure 8 , points B to C) as opposed to the drop off rate for the hybrid flow control acting upon the same flow field (Figure 16, points B to D) . Also of note is the fact that the point in phase where the low pressure regions Figures 15 and 16 ). This implies that the time constant related to the interaction of the dynamic structures produced by the synthetic jets and the steady state vortices produced by the vanes are similar, regardless of how the incoming duct flow is conditioned.
Analogous to Figure 10 for the active control, Figure 17 emphasizes dynamics of the most energetic POD mode of total pressure fluctuations over the AIP at four Mach number flows, and for both baseline flows. At the lowest Mach number, both modes shown in Figures 17a and e, are of a single sign across the AIP, and their dynamics exhibit nearly sinusoidal oscillation about zero level, just as in the case of active control ( Figure 10 ). As stated in discussion of the corresponding active-control cases, this is attributed to the control jets being too 'strong' for the low incoming Mach number flow, and simply creating an obstacle and increase in drag upon issuing rather than forming the streamwise vortices. As the Mach number is increased (Figures 17b and f) , three distinct lobes of opposing sign zones begin to form at the bottom and two sides, although the net dynamics do not depart much from the cancelling effects in summed half-periods. The dominant mode structure for the two highest Mach number flows signals different flow dynamics from their low Mach number counterparts, as two zones of the mode exhibit a sign opposite to the reminder of the mode. The clear difference between the two baselines is that these two zones are pushed up against the top side wall in the case of honeycomb mesh-conditioned baseline (Figures 17c and d) , while they form a distinct side lobes for the other baseline (Figures 17g and h) . Only during the large excursions of their time coefficients a 1 these mode have significant contribution to the pressure field, and it is interesting that in any case out of four at the two highest Mach number flows, the momentum exchange is always towards the bottom half of the AIP. Contrary to the active control where the total pressure increase fully coincided with the zone of highest pressure deficit, in the case of the hybrid control a much larger area exhibits an increase in total pressure. In particular, a long streaks of increased total pressure spread well into the upper half of the AIP along the wall in the case of the honeycomb-conditioned baseline flow. Just as is the case in active flow control, outside of the mode bursts, the most dominant modes carry weakly detrimental effect on distortion due to the positive sign of a 1 during those periods.
The dynamics of the first four most energetic POD modes for the hybrid control of the honeycomb meshconditioned baseline at M = 0.55 are presented in Figure 18 . In addition to the modes and their corresponding time coefficients (Figure 18a-d) , power spectra of the time coefficients are also shown in Figures 18e-h. First, it is seen that all of the modes' dynamics is associated with a multitude of dominant frequencies, with the third and fourth 
mode being only loosely coupled to the actuation frequency. The first mode is already discussed in more detail in connection to Figure 17 . The second mode imprints a three-lobe structure that contributes predominantly favorable to distortion suppression while its time coefficient is positive, and unfavorably when negative. The third mode represents momentum exchange among four quadrants, although with a very low a 3 amplitude. The fourth mode has also a low contribution to the total pressure, while its momentum exchange is predominantly divided between upper and lower halves of the AIP.
The dynamics of the first four POD modes for the hybrid control of the overlaid mesh-conditioned baseline at M = 0.55 is shown in Figure 19 . Besides the mode 1 that was already discussed above, the mode 2 is equivalent to mode 2 in Figure 18 and has more prominent lobes. Mode 3 appears in shape almost exclusively of a single sign and therefore would not contribute much in the momentum exchange across the AIP. Moreover, its low-amplitude time coefficient a 3 further underlines its relative minor contribution to the overall total pressure. Mode 4 appears almost completely decoupled from the control input and does not have much contribution to total pressure, just as mode 3.
Finally, Figure 20 relates the distortion <DPCP> dynamics to that of the first two most energetic POD modes for the case of active (Figure 20a (Figure 20a ), mode 2 activates prior to mode 1, as a 2 assumes negative values. These dynamics of mode 2 further reduce total pressure at the bottom central zone, which in turn increases distortion. It is seen that the peak distortion <DPCP> at t/T ≈ 0.4 approximately coincides with the peak negative of a 2 and the time that mode 1 is activated. As a 1 becomes more negative, increasing the effect of mode 1, a 2 increases, and both act in unison to suppress the distortion from its local peak at t/T ≈ 0.4. At t/T ≈ 0.5, a 2 becomes positive and fully suppresses distortion, while a 1 reaches its maximum amplitude just before the local minimum of <DPCP>. There is slight phase shift between a 1 minimum and <DPCP> minimum at t/T ≈ 0.55, as the first mode favorable effect is assisted by the second mode favorable effect (a 2 > 0), even as a 1 begins to retreat. Afterwards, rapid increase of mode 1 takes over and <DPCP> follows its rise. Decay of the strong favorable effect of mode 1 induces the corresponding decay of favorable suppression of distortion. As both mode 1 and mode 2 assume the same-sign (positive) coefficient evolution, they compete with each other and lower amplitudes and <DPCP> remains at its 'undisturbed' level until mode 2 becomes activated again in the next cycle at t/T ≈ 1.4. Although a general evolution of <DPCP> in the case of Figure 20a , but mode 1 assumes unfavorable effect on distortion during negative increase in a 2 (a 1 >0), and dominates the overall high level of distortion that remains at a relatively steady level up until t/T ≈ 0.3. As a 1 begins to decrease, it reduces <DPCP>, and a local minimum in a 2 does not have any significance, as it does in Figure 20a . Note that dynamics of mode 1 is nearly exclusively dominates <DPCP> dynamics, and that local minimum of a 1 nearly coincides with minimum distortion point at t/T ≈ 0.52.
Analogous representation of the first two POD mode dynamics and their relationship to the corresponding <DPCP> dynamics for the case of hybrid control is presented in Figures  20c and d , for the honeycomb and overlaid mesh, respectively. First, it is interesting to note that mode 1 and 2 dynamics is virtually identical for either baseline, as both time coefficients evolve in time in the same manner, regardless of how the baseline is conditioned. This suggests that the passive vanes set dominant flow dynamics prior to the jest actuation, and that details about the fence flow conditioning become secondary. However, what is different is that there is a considerable difference between structures of mode 1 in the two baseline cases. Namely, mode 1 in the case of the overlaid mesh-conditioned baseline ( Figure  19a ) is structured such to have more favorable effect on distortion when its time coefficient is negative, while mode 1 of the other baseline (Figure 18a ), increases total pressure for a 1 < 0 in such a wide region that carries both favorable and unfavorable effects with it. Second exclusive feature is that the second mode in the case of the overlaid mesh-conditioned baseline (Figure 20d ) becomes active only during the large excursions in <DPCP>, 0.3 < t/T < 0.7, and completely disappears otherwise as a 2 ≈ 0 elsewhere.
V. Conclusions
The overall feasibility of a tandem, hybrid, flow-control concept for mitigation of AIP total-pressure distortion in an offset diffuser was demonstrated in the earlier work of Gissen et al. 32 Hybrid flow control was comprised of passive (vanes) and active (synthetic jets) control elements, and the results indicated a net, time-averaged benefit of such control over the individual components, in terms of the steady-state distortion parameter over a range of AIP Mach numbers (up to M = 0.55). The impact of each of the two control elements on the flow is markedly different. While the passive vanes generate streamwise vortices, that are present in the flow at all times and therefore their effect is predominantly time-independent, the active synthetic jets are time-periodic, and their overall impact on the diffuser flow is predominantly time-dependent. In the present investigation, the primary emphasis is placed on understanding these time-dependent effects when either active or hybrid control approaches are used.
In order to accurately represent the flow features of an integrated, BLI-inlet at flight conditions, the diffuser inlet flow was simulated by using a fence installed upstream of the diffuser throat. Two fence configurations were developed and tested, based on honeycomb and overlaid meshes. Both devices successfully simulated the two dominant features of the Blended-Wing-Body BLI inlets, momentum deficit due to the ingestion of the boundary layer flow, and the formation of large-scale secondary vortical motions owing to entrance blockage. It is shown that both conditioning devices generate similar inlet flow, with elevated AIP total-pressure distortion associated with pressure deficit in the central, bottom portion of the AIP. Regardless of the minor differences between the two conditioning approaches, it is found that any of the control schemes tested, active, passive, and hybrid, induce comparable steady-state and dynamic effects in the flow over the present range of AIP Mach numbers (up to M = 0.55).
The changes in the total-pressure distortion at the AIP, induced by the time-dependent active control were analyzed using triple decomposition and proper orthogonal decomposition (POD) of the dynamic total-pressure field measured using a forty-probe, pressure rake instrumented with high bandwidth sensors. The triple decomposition of the pressure field isolated the effects of the coherent fluctuation of the pressure that are related to dynamic reduction in the flow distortion. The results imply that the array of small-scale synthetic jets issued at the control source merge to form two, large-scale, counter-rotating, streamwise vortices at the AIP. This finding suggests that these large-scale vortices merge along the diffuser path much like the vane-generated vortices that were observed in the earlier flow visualization investigations 32 . Furthermore, the two most energetic POD modes are isolated as governing the distortion dynamics in both the active and hybrid flow-control approaches. Finally, it is shown that the control device is robust enough to induce similar mitigation of distortion when either fence configuration is used in the baseline flow.
Analysis of the dynamic changes in the flow distortion when synthetic-jet control is applied, in active and hybrid configurations, revealed significant instantaneous reductions in distortion over a portion of the actuation cycle. This favorable reduction in distortion is related to the passage of control-induced, large-scale vortices and their dynamics.
The overall, time-averaged effect are clearly affected by the fraction of the time that the jet actuation is inactive or between the passage of successive vortices while the flow can relax to the uncontrolled state. It can be argued that the full potential of synthetic jet actuation can be realized by overcoming the characteristic flow relaxation time between successive actuation pulses. This can be realized by employing higher actuation frequencies or by using multiple phased actuators. Similar effects are exploited in pulse aerodynamic control of stalled airfoils 36 that are affected by the relaxation time following pulsed-attachment of the flow, where the flow remains attached as long as the control is re-applied on time scales that are shorter than the characteristic relaxation time.
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